submerged and drained two weeks before harvest; two Se species: selenate (SeO 4 -2 ) and 9 selenite (SeO 3 -2 ) applied at a rate equivalent to 30 g ha -1 ; and four application methods: i) Se 10 applied at soil preparation, ii) Se-enriched urea granules applied to floodwater at heading iii) 11
foliar Se applied at heading and iv) fluid fertilizer Se applied to soil or floodwater at heading. Selenium is an essential micronutrient for humans and animals (1, 2) . Toxicity and deficiency 30 of Se in humans and animals is separated by a very narrow margin compared to other 31 nutrients (3). Low dietary intake of Se causes health problems including low immunity, 32 oxidative stress related conditions, reduced fertility and cancer (1) . Different strategies have 33 been tested or implemented worldwide in order to achieve optimum Se concentrations in 34 humans (3), the most common strategies include the consumption of high-Se foods (e.g., 35
Brazil nuts), individual supplementation, Se supplementation to livestock (4), and 36 biofortification of food crops (4-6). 
(5). Increasing the 45
Se concentration in foods such as wheat and rice is an appropriate target to increase human 46
Se intake because they are the staples for most of the world's population. Selenium fertilizer 47 programs have been developed for wheat but no effective Se program has yet been developed 48 for rice. 49 50 Rice can be grown in upland or lowland conditions, and different fertilization strategies may 51 be needed for each scenario, both in terms of Se species used and method of fertilizer 52 application (foliar or applied to soil). The availability of soil applications of Se are often 53 much greater under upland conditions compared to flooded soils (8, 9), but the majority of 54 rice crops around the world are lowland cultivated (10). In terms of the most effective Se 55 species, for foliar applications SeO 4 -2 has been found to be more effective than SeO 3 -2 for Se 56 biofortification of rice (6). There are no data to evaluate the effectiveness of soil-applied 57 At maturity, plants were harvested and shoots, roots and grains were separated. Roots were 146 cleaned using reverse osmosis (RO) water, 1% sodium lauryl sulphate (CH 3 147 (CH 2 ) 10 CH 2 OSO 3 Na) (Sigma) and finally in high purity deionised water. Plant samples 148 (grain, leaf, culm and root) were dried at 55 o C to a constant weight and dry weight recorded 149 (grain). Husks were removed from harvested grains using a laboratory-scale hand operated 150
de-hulling machine. The plant tissues were ground using a laboratory seed grinder and sieved 151 to < 500 µm. 152
153

Total Se analysis 154
The grain samples were digested using a closed vessel microwave procedure (Ethos E touch Table 1 ). The reason for higher DW in grains from submerged 213 and submerged-drained treatments could be the availability of some nutrients in FC soils 214 being lower than submerged soils (Supplementary information, Table 2 ). We did not measure 215 nutrients in flood water for this study, however as other studies have reported elsewhere, 216 stabilization of pH around neutrality in submerged rice soils has some implications for the 217 availability of nutrients (34). In addition, the ability of the rice plant to grow under aerobic 218 conditions is often less (22). In particular, soil solution concentrations of P,and K, normally 219 increase with submergence (10). These are essential nutrients for root development and 220 tillering (10) which ultimately determine final yield. Method of Se application had little 221 consistent effect on grain yields, except in FC treatments where the control was significantly 222 lower than Se fertilizer treatments. 223 224
Treatment effects on Se accumulation in rice plants 225
Grain and husk selenium accumulation 226
Concentrations of Se in rice grains and husks under different treatments are shown in Table 2 . 227
The largest part of the variance in Se concentrations was explained by application method 228
and Se species, and their interaction ( 
Selenium accumulation in leaves and culms 279
The three way interaction among applied Se species, application time, and method of 280 application were statistically significant (p ≤ 0.001). However, interaction effects between Se 281 application methods  applied Se species had significant and major effects on leaf Se 282 concentration (p ≤ 0.001). Highest leaf Se concentrations were for foliar applied Se in all 283 soils (Table 4) , likely due to retention of foliarly applied Se to leaf surfaces. As observed for 284 grain Se data, SeO 4 -2 -enriched urea granule treatments also had high Se concentrations in 285 leaves and culms, and in this case the Se must have derived from root uptake. 286 287
Selenium accumulation in/on roots 288
By far the greatest proportion of the variation in Se concentrations in roots was explained by 289 water management method with FC soils having the lowest root Se concentrations and 290 submerged/drained soils the highest (Table 5) . Even though the roots were thoroughly 291 cleaned before analysis, we cannot be certain whether this accumulation occurred inside the 292 roots or on the root surface, as we observed iron plaque on the roots of submerged plants. 293 Iron plaque is known to strongly sorb oxyanions (42, 43) and it is therefore highly likely that 294 SeO 3 -2 and/or SeO 4 -2 sorbed to the iron plaque. 295
296
Selenium application method 297
Application of fertilizer Se to soil prior to planting was ineffective possibly due to reactions 298 of Se in submerged soils that reduced the availability of both SeO 3 -2 and SeO 4 -2 (21). 299
Application of Se at heading to the floodwater appears to be the most effective 300 biofortification strategy, and SeO 4 -2 was generally more effective than SeO 3 -2 in this regard. co-applied/co-located with urea. It should be noted however, that the fluid Se treatments also 315 received urea, although in this case the Se and urea were not co-located. A third hypothesis 316
was that Se applied with urea may have reacted to form selenourea (CH 4 N 2 Se) in the granules 317 or at the soil/floodwater interface, and this enhanced the absorption of Se by the roots. Very 318 little is known on the formation and reactions of selenourea in soils. Sorption of selenourea to 319 iron hydroxides is much less than that of selenite (47) and it is know that selenourea forms in 320 reduced environments (48). However, it is readily oxidised (49) and we believe it is unlikely 321 to be stable in rice flood waters or in the oxidised rhizosphere of rice roots. We tested the 322 hypothesis that selenourea could be taken up by rice plants in experiment 2, where pure 323 selenourea was applied to flood waters and persistence in floodwater determined, as well as 324 translocation to the xylem of rice plants growing under submerged conditions. While addition 325 of selenourea resulted in higher concentrations of Se in floodwater (compared to SeO 4 -2 -326 enriched UAN and urea) 1 day after application, it did not persist and Se was not detectable 327 in floodwater 10 days after fertilizer application (Table 6 ). Concentrations of Se in rice xylem 328 sap was highest with selenourea 1 day after fertilizer application, but 9 days later Se 329 concentrations in rice xylem sap were highest with SeO 4 -2 -enriched urea granule treatment 330 (Table 5) . 
